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}  There  are  several  reasons  for  studying  deterministic  models  of  computer  ^ _ ___ 

|  systems  and  their  work  loads^:  .  /£  J  ££  4 

(I)  With  dctormi nistic  models,  we  can  carry  out  a  worst-case  or  a  best- 
|  case  analysis  so  that  we  can  obtain  upporbounds  or  lower-hounds  on  the  performance 


j  of  a  svstem  under  all  possible  circumstances; 

<1  i 

i 

O  |  (2)  Effects  of  variation  of  system  parameters  can  be  studied  more 

;  directly  and  explicitly,* 

(3)  There  exists  the  possibility  of  designing  optimal  algorithms  for 
the  effective  utilization  of  system  resources.  Such  algorithms  often  behave  well 
when  the  systems  deviate  from  the  (deterministic)  model. 

We  present  here  three  closely  related  topics  to  illustrate  some  of  the 


aspects  of  deterministic  modelling^ 
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We  describe  first  a  general  model  of  computing  system  which  can  be 

& 

specialized  in  various  ways  to  include  most  of  the  results  we  are  going  to  present. 
Wc  make  the  following  assumptions  : 

(!)  A  computing  system  consists  of  two  classes  of  resources,  dedicated 
resources-  and  shared  resources .  In  eaeh  class,  there  are  different  kinds  of 
resources. 


(2)  There  is  a  certain  number  of  units  of  dedicated  resources  of  each 
kind.  The  execution  of  a  job  requires  an  integraL  number  of  units  of  each  kind, 
including  zero  unit  ns  a  possibility.  The  execution  of  a  job  completely  occupies 
a  unit,  and  no  other  jobs  can  be  executed  on  the  same  unit  concurrently,  Examples 
of  dedicated  resources  are  processors,  input-output  devices,  and  so  on. 

(!)  Tlu*  re  is  a  unit  of  shared  resources  of  each  kind'.  The  execution  of, a 
job  requires  a  fraction  ot  the  unit  of  each  kind  of  shared  resources,  including 
zero  as  a  possibility.  Concurrent  execution  of  a  number  of  jobs  might  share  the 
same  unit  of  shared  resources,  provided  that  the  sum  of  the  fractions  of  the  unit 
they  share  does  not  exceed  one.  Examples  of  shared  resources  are  core  memories, 
magnetic  disks  and  drums,  and  so  on. 

(A)  The  units  of  each  kind  of  dedicated  resources  might  not  be  identi¬ 
cal.  It  might  be  the  case  that  the  execution  times  will  be  different  when  a  job  is 
executed  on  different  units  of  one  kind  of  dedicated  resources.  It  might  be  the 
case  chat  job  can  only  be  executed  on  some  of  the  units  of  a  particular  kind  of 
dedicated  resource.  Since  the  execution  of  a  job  might  require,  in  general,  more 
than  one  unit  of  dedicated  resources  of  each  kind,  the  execution  of  a  job  is  said 
to  be  completed  if  its  execution  on  all  units  is  completed. 


(5)  The  unit  of  each  kind  of  shared  resources  is  considered  to  be 
uniform.  A  job  will  release  the  portions  of  shared  resources  it  occupies  when 
its  execution  on  all  units  of  dedicated  resources  is  completed. 


There  is  no  loss  in  generality  in  normalizing  each  kind  of  shared  resources  to 
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We  describe  first  a  general  model  of  computing  system  which  can  be 
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specialized  in  various  ways  to  include  most  of  the  results  we  are  going  to  present. 
We  make  the  following  assumptions  : 

(!)  A  computing  svstem  consists  of  two  classes  of  resources,  dedicated 
resources  and  shared  resources .  In  each  class,  there  are.  different  kinds  of 
resources. 


(2)  There  is  a  certain  number  of  units  of  dedicated  resources  of  each 
kind.  The  execution  of  a  job  requires  an  integral  number  of  units  of  each  kind, 
including  zero  unit  ns  a  possibility.  The  execution  of  a  job  completely  occupies 
a  unit,  and  no  other  jobs  can  be  executed  on  the  same  unit  concurrently.  Examples 
of  dedicated  resources  are  processors,  input-output  devices,  and  so  on. 

(i)  Tin-ru  is  a  unit  of  shared  resources  of  each  kind'.  The  execution  of.  a 
job  requires  a  fraction  ot  the  unit  of  each  kind  of  shared  resources,  including 
zero  as  a  possibility.  Concurrent  execution  of  a  number  of  jobs  might  share  the 
same  unit  of  shared  resources,  provided  that  the  sum  of  the  fractions  of  the  unit 
they  share  does  noc  oxcoed  one.  Examples  of  shared  resources  are  core  memories, 
magnetic  disks  and  drums,  and  so  on. 

(A)  The  units  of  each  kind  of  dedicated  resources  might  not  be  identi¬ 
cal.  It  might  be  the  case  that  the  execution  times  will  be  different  when  a  job  is 
executed  on  different  units  of  one  kind  of  dedicated  resources.  It  might  be  the 
case  that  job  can  only  be  executed  on  some  of  the  units  of  a  particular  kind  of 
dedicated  resource.  Since  the  execution  of  a  job  might  require,  in  general,  more 
than  one  unit  of  dedicated  resources  of  each  kind,  the  execution  of  a  job  is  said 
to  be  completed  if  its  execution  on  all  units  is  completed. 

(5)  The  unit  of  each  kind  of  shared  resources  is  considered  to  be 
uniform.  A  job  will  release  the  portions  of  shared  resources  it  occupies  when 
its  execution  on  all  units  of  dedicated  resources  is  completed. 


4. 

There  is  no  loss  in  generality  in  normalizing  each  kind  of  shared  resources  to 


one  un i t . 


Let  j  a  { J . ,  J,,  ....  be  a  set  of  jobs  arid  ' <  be  a  precedence 

relation  4on  3  Y.  That  <  J„  means  the  execution  of  job  cannot  begin  until 
••the  execution  of  job  J^,  has  been  completed.  is  called  a  predecessor  of  J^,  and 
is  called  a  successor  of  J^.  A  set  of  job  is  said  tc  be  independent  if  the  pre¬ 
cedence  relation  <  is  empty.  Each  job  in  J  is  specified  in  the  following  way  : 

Let  p  denote  the  number  of  kinds  of  dedicated  resources  and  n  denote  the  number 

k 

of  units  of  each  kind  in  the  cumputing  system  on  which  the  sec  of  jobs  J  is  to 

be  executed.  Let  q  denote  the  number  of  kinds  of  shared  resources.  The  utiliza¬ 

tion  of  the  dedicated  resources  by  n  job  Jj,  is  specified  by  a  p  *  n  matrix 
T  «  jit..'!  and  a  p  component  vector  U.,  *  {^u .  !l,  where  0  it..  <  »  and  Cor  each 

N  I  J  N  1  l  J  « 

i  there  exists  at  Least  one  j  such  chat  t..  •'  and  u.  is  an  integer  such  that 

.  .  .  1J  1  .  ch 

^.1'ij.in.  1  he  value  of  c.  .  is  the  time  it  Lakes  to  execute  job  J  on  the  j  unit 

1  .  1  .  ch  " 

of  dedicated  resources  of  the  i  kind.  That  t^.  s  «  means  that  job  cannot  be 

executed  on  the  J  '  units  of  dedicated  resources  on  the  i*’’1  kind.  The  value  of 

u^  is  Che  number  of  units  of  dedicated  resources  on  the  i  kind  which  the 

execution  of  job  requires.  Similarly,  the  utilization  of  the  shared 

resources  bv  J  is  specified  by  a  q  component  vector  V  •  ||v.j|,  where  0<v.  <1. 

*  •  ♦  *  th  »  K  i  i  - 

The  value  of  v^  is  the  fraction  on  the  i  kind  of  shared  resources  which  the 

execution  of  job  J  requires. 


II  -  SCIIKDL! LINT!  TO  MINIMIZE  COMPLETION  TTflK 


By  scheduling  a  set  of  johs  on  a  computing  system,  we  mean  to  assign, 
within  certain  time  interval (s),  to  each  job  resources  that  are  needed  for  its 
execution  with  the  constraint  that  all  the  resources  needed  for  the  execution  of 
a  job  arc  assigned  to  the  job  simultaneously.  A  schedule  is  a  specification  of  the 
assignment  of  resources  to  the  jobs,  and  a  scheduling  algorithm  is  a  procedure 
that  produces  a  schedule  for  every  given  set  of  jobs.  By  preemptive  scheduling 
discipline  ,  we  moan  to  allow  the  interruption  of  the  execution  at  jobs  in  a 
schedule.  By  noivpree.aptive  scheduling  discipline,  we  mean  the  execution  of  a 
job  must  continue  until  completion,  once  its  execution  commences. 


Different  criteria  can  be  used  to  measure  how  good  a  schedule  is.  The 
most  common  one  is  the  completion  time  of  a  schedule,  that  is,  the  total  time  it 

w 

A  precedence  relation  is  a  binary  relation  that  is  antisymnetric  and  transitive. 
As  will  be  seen,  there  is  no  Loss  of  generality  in  assuming  that  there  is  the 
same  number  of  units  in  each  kind  oi  dedicated  resources. 

**  .  ,  ,  .  *  th 

Per  each  j ,  u.  is  not  larger  tha  .  the  number  of  finite  entries  in  the  i 

of  T., 

N  • 
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{takes  to  complete  the  execution  of  a  set  of  jobs  according  to  the  schedule. 
Clearly,  for  a  given  set  of  jobs,  a  "good”  schedule  is  one  nibh  "short"  completion 
tirnej-.  and  an  optimal  schedule  is  one  with  shortest  possible  execution  time,;  The 
effectiveness  of  a  scheduling  algorithm  is  measured  by  how  good  the  schedules  it 
produces  are.  One  might  wish  to  consider  the  worst  case  performance  of  a  sche¬ 
duling  algorithm,  or  one  might  wish  to  consider  the  average  case  performance  of  a* 
scheduling  algorithm.  Most  of  the  current  works  are  concerned  with  the  worst 
case  performance  analysis  of  scheduling  algorithms.  Wo.  shall  make  an  attempt  to 
identify  some  of  the  general  features  of  scheduling  algorithms  whoso  effective¬ 
ness  will  be  measured  by  the  completion  time  of  the  schedules  they  produce. 

1.  There  are  algorithms  that  produce  optimal  schedules.  Clearly,  opti¬ 
mal  schedules  and  algorithms  that  produce  optimal  schedules  are  of  significant 
interest.  Unfortunately,  very  little  is  known  about  "efficient"  algorithms  that 
produce  optimal  schedules  for  arbitrary  computing  systems  and  arbitrary  sets  of 
jobs.  As  a  matter  of  fact,  efficient  algorithms  that  produce  optimal  schedules 
are  known  only  for  the  following  cases  : 

(i)  Jobs  having  unit  execution  tiroes  with  the  nrecedence  relation  over 
them  being  a  forest  are  to  be  scheduled  on  a  cumputing  system  with 
identical  processors. 

(ii)  Jobs  having  unit  execution  times  are  to  be  scheduled  on  a  computing 
system  with  two  identical  processors. 

We  shall  describe  an  algorithm  due  to  !5u  I  113 i  which  produces  an  optimal 
schedule  for  case  (i).  We  introduce  first  the  notion  of  demand  scheduling 
algorithm.  A  demand  scheduling  algorithm  is  one  that  always  attemns  to  schedule 
executable  jobs  on  ras0Urces  that  are  free  at  any  time  instant.  In  other  words, 
a  demand  scheduling  algorithm  never  leaves  any  resources  idle  intentionally.^  A 
particularly  simple  class  of  demand  scheduling  algorithms  is  known  as  list 
scheduling  algorithms.  A  list  scheduling  algorithm  assigns  distinct  priorities 

t 

A  job  is  said  to  be  executable  at  a  time  instant  if  executions  of  its  predeces¬ 
sors  have  all  been  completed  at  that  time  instant. 

.Jj  ,  , 

It  is  not  difficult  to  construct  examples  to  show  that  there  are  optimal  sche¬ 
dules  in  which  resources  are  left  id;e  intentionally. 


to  jobs  and  allocates  resources  to  jobs  with  highest  priorities  among  all  executa¬ 
ble  ones  at  any  time  instant. 

Hu's  algorithm  is  a  list  scheduling  algorithm,  "e  define  first  the 
notion  of  the  love  1  of  a  job  : 

(i)  The  level  of  a  job  that  has  no  successor  is  defined  to  he  I. 

(ii)  The  level  of  a  job  that  one  or  more  successors  is  equal  to  one  plus 
the  maximum  value  of  the  levels  of  its  successors. 

In  Hu's  algorithm  priorities  arc  assigned  to  jobs  according  to  their  levels  such 
that  jobs  of  higher  levels  will  have  higher  priorities.  (Assignment  of  priorities 
to  jobs  of  the  same  level  Is  arbitrary.)  Hsu  1  H2  1  contains  a  simple  proof  that 
Hu's  algorithm  produces  optimal  schedules  for  case  (i)  .  Sec  also  Chen  and  Liu  CM* 

Fujii,  Kasami,  and  Minomiya  f.  F  2  1  and  Coffman  and  Graham  [C7]  discovered 
algorithms  that  produce  optimal  schedules  for  case  (ii) .  He  present  here  Coffman 
and  Graham's  algorithm,  which  is  also  a  list  scheduling  algorithm.  In  Coffman  and 
Graham's  algorithm,  priorities  are  assigned  to  jobs  as  follows  : 

(i)  Starting  with  1,  which  is  the  lowest  priority,  distinct  and  conse¬ 
cutive  priorities  are  assigned  to  jobs  chat  have  no  successors 
arbitrari ly . 


(ii.)  Priorities  are  assigned  to  jobs  with  one  or  more  successors 
recursively  : 

(a)  A  job  to  all  of  whose  successors  priorities  have  been  assi¬ 
gned  will  be  labelled  with  the  priorities  of  its  successors 
(i.,  i .,,...)  in  decreasing  order. 


(. b )  Compare  the  labels  of  all  labelled  jobs  according  to  the 
lexicographical  order.  Starting  with  the  lowest  unassigned 
priori  iv,  distinct'  and  censecu  l  i  w  priorities  are  assigned 
to  the  Labelled  'obs  such  that  jobs  with  larger  labels  will  be 
assigned  higher  ,  riorities. 


W  shou!d  point  out  that  there  is  a  Large  body  of  literatures  on  obtai¬ 
ning  optimal  schedules  by  Che  methods  of  complete  enumeration,  mixed  integer  and 
nonlinear  prog,  a  mini  ng,  and  dynamic  programming.  Note  that  in  these  approaches, 
the  computation  time  required  to  produce  an  optimal  schedule  wiLL  be  an  exponen¬ 
tial  function  of  the  number  of  jobs  to  be  scheduled.  We  refer  the  reader  to 

Lonstra  i  1.4;  and  Kinooy  Kan  [  !<l  ).  Sec  also  Horowitz  and  Sahni  (  H!j  and  Sahni  fSI], 

2 .  There  are  simple  scheduling  algor?  tlims  that  spend  very  little  effort 
to  search  I'm'  a  seh.-dule.  Almost,  directly  opposiiu  to  the  approach  of  spending  a 

lot  of  el  fort  to  determine  an  ontimal  schedule,  one  could  consider  the  aooroach 

of  spending  little  or  no  effort  to  search  ’"or  a  reasonably  good  schedule.  In 
view  ol  t!i"  discovery  of  the  class  of  Nl’-cmnp  I  etc  problems,  such  an  approach  beco¬ 
mes  a  particularly  attractive  one.  (As  general  references  to  the  area  of  approxi¬ 
mation  algorithms,  see  Johnson  i  J 1 1  and  Carey  and  Johnson  fG2i  ).  For  example,  a 
very  simple  scheduling  algorithm  is  a  list  scheduling  algorithm  with  arbitrary 
assignment  of  priorities.  I  he  following  result  is  due  to  Graham  rG6,  G7 ,  G8]  : 

Hi. *::i  I  :  For  a  computing  system  with  n  identic. li  processors,  let  u. 
do no t e  the  completion  time  ot  a  schedule  for  a  given  set  of  jobs  produced  by  an 
arbitrary  list  scheduling  algorithm  and  let  w  denote  Che  shortest  possible  com- 

I.  ^ 

plot  ion  time.'  Then 


M 


For  n  =  J,  the  :\ 
tarn  J/2.  That  is,  in  terms 
list  scheduling  algcrit.hr.  is 
the  number  of  processors  in 
becomes  less  favorable,  the 


it  ion  -j/ „  in  Theorem  1  is  upperbounded  hv  the  cens¬ 
or  the  comnloticn  time  a  schedule  nroduccd  by  any 
not  worse  titan  an  oncirr.nl  schedule  by  50”.  When 
the  system,  increases,  a L chough  the  comparison 
sub-one ima 1  schedule  is  never  worse  than  an  ontimal 


schedule  bv  lr")T. 


From  now  on,  we  shall 
arbitrary  schedule  ..::d 


consistently  use  m  to  denote  the  completion  c i me  of  an 
.  lo  denote  the  completion  time  of  an  optimal  schedule. 


4 

Theorem  I  cun  be  extended  immediately  : 


Theorem  2  (Liu  and  Liu  CU]):For  a  computing  system  with  n(  processors: 

of  speed  b ^ ,  n0  processors  of  speed  »  •••>  processors  of  speed  b^»  where 

b,  >  b,,  >  . . .  >  b,  >  I ,  wb  have 

12  k  - 


k 

Z  n .  b . 


Garoy  and  Graham  I'GI],  and  Yno  [Yl]  studied  list  scheduling  algorithms 
for  computing  systems  with  shared  resources.  For  example,  similar  to  Theorems  1 
and  2,  wo  have. 

Theorem  3  (Garoy  and  Graham  CGI.])  :  For  a  computing  system  with  n 
identical  processors  and  one  kind  of  shared  resources,  we  have 


Theorem  '*  (Garoy  and  Graham  (Gl  1)  :  For  a  computing  3yscem  with  two  or 
more  processors  and  q  kinds  of  shared  resources  and  for  a  set  of  independent  jobs, 
we  have 


M  .  ,n+l  „ 

—  :£  mm(— 5— ,  q  +  2 


See  also  (’ll,  Kl,  L7,  LS,  L9 1  where  various  extensions  of  the  case 
where  the  processor  are  not  identical  were  studied. 


3 .  There  are  cases  in  which  an  algorithm  that  produces  optimal  schedules 
under  a  certain  set  of  conditions  is  applied  to  situations  that  do  not  satisfy 
these  conditions.  The  following  results  illustrate  this  point  : 

Theorem  5  (Chen  1 C2  ])  :  Wien  Hu's  algorithm  is  applied  to  schedule  a 
set.  of  jobs  with  unit  execution  times  on  a  computing  system  with  n  identical  pro¬ 
cessors.  Then 


n  =>  2 


<  2 


n  >  3 


Theorem  ft  (Lam  and  Sochi  C42J)  :  When  Coffman  and  Graham's  algorithm 
is  applied  Co  schedule  a  sot  of  jobs  with  unit  execution  times  on  a  computing 
system  with  n  identical 'processors.  Then 


to 


2 


u 

n 


Kaufman  T K5  1  extended  Hu's  algorithm  to  the  scheduling  of  jobs  with 
unequal  execution  times  on  a  computing  system  with  n  identical  processors,  where 
the  precedence  relation  over  the  jobs  is  a  forest,  lly  defining  the  level  of  a  job 
to  be  the  length  of  the  chain  between  the  job  and  the  root  of  the  tree  it  is  in 
(including  the  execution  time  of  the  job  itself),  Kaufman  has  shown  that 


Theorem  7  :  In  the  extended  Hu's  algorithm  described  above 


to  <  to  +  k  -  k/n 
“  P 

where  is  the  completion  time  when  the  jobs  are  executed  according  to  an  opti¬ 
mal  preemptive  schedule,  and  k  is  the  execution  time  of  the  longest  job  in  the 
set. 


4.  There  are  algorithms  that  perform  a  certain  amount  of  computation 
in  order  to  produce  good  schedules.  For  example,  consider  the  problem  of  schedu¬ 
ling  a  set  of  independent  jobs  on  a  computing  system  with  n  identical  processors. 
If  1  '  sort  the  jobs  according  to  their  execution  times  and  assign  high  priorities 
to  jobs  with  long  execution  times,  we  can  upporbouml  the  worse  case  behavior  of 
such  a  list  scheduling  algorithm  by  : 

Theorem  8  (Graham  [ G 7 "j )  :  For  the  scheduling  algorithm  described  above 

to  ^  4^ _ 1_ 


Intension  of  cho  idea  of  assigning  high  priorities  to  jobs  with  long 
execution  times  to  computing  systems  with  non-identical  processors  have  been  car¬ 
ried  out  in  Gonzales,  Ibarra,  and  Salmi.  C G 9 .1 ,  and  Ibarra  and  Kim  f.Il]  . 

As  another  example,  we  consider  the  following  nlgortihm  for  scheduling 
a  set  of  independent  jobs  on  a  computing  system  with  n  identical  processors  :  We 
pick  out  the  k  longest  jobs  in  the  set  and  schedule  tlutm  in  such  a  way  that  the 
total  execution  timis  (for  Lite  execution  of  these  k  jobs)  is  minimum.  The  remai¬ 
ning  jobs  will  he  scheduled  according  to  tlte  rule  Chat  whenever  a  processor  is 
free  an  arbitrarily  chosen  job  will  be  executed  on  that  processor.  Graham  LG7 3 
has  shown  that 


Theorem  2  s  the  scheduling  algorithm  described  above 


-a  <  i  ♦ 
“o  = 


i  -  ~ 
n 


i  + 


5.  Oik*  can  consider  algorithms  that  produce  schedules  which  are  as 
close  to  optimal  schedules  as  it  is  desired  at  the  expense  of  computation  time. 

An  algorithm  is  said  to  he  an  ■.•-approximation  algorithm  if  for  a  given  <■  the 
algorithm  will  yield  a  schedule  such  chat  the  ratio  Cu»— Uq) / u»q  is  less  than  e. 
Salmi  IS1J  studied  tlte  problem  of  scheduling  a  set  of  independent  jobs  on  a  com¬ 
puting  system  with  n  identical  processors  and  obtained  an  c-approximation 
algorithm  whose  complexity  is  O'  (n(nt*7i. )  )  where  m  is  the  number  of  jobs  is  tlte 

Set . 
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To  illustrate  some  ocher  aspects  of  the  scheduling  problem,  we  shall 
survey  some  of  the  results  on  a  generalization  of  our  model  by  assuming  that  each 
job  has  a  ready  time,  a  time  at  or  after  which  execution  of  the  job  can  begin, 
and  a  dead  line,  a  time  at  or  prior  to  which  execution  of  the  job  must  be  comple¬ 
ted. For  a  given  computing  system  with  fixed  amounts  of  resources,  a  set  of  job  is 
said  to  bo  scnedulahle  [r  there  is  a  schedule  according  to  which  all  jobs  can  be 
executed  co  meet  their  deadlines.  Such  a  schedule  will  be  referred  to  as  a  feasi¬ 
ble  schedule  for  the  set  of  jobs.  A  set  of  jobs  is  said  to  be  schedulnhlo  by  a 
scheduling  algorithm  if  the  ulgoritiu  yields  a  feasible  schedule  for  the  set. 
Consequently,  a  scheduling  algotithm  Is  said  to  be  optimal  if  it 


yields  a  feasible  schedule  for  every  schedulablo  set  of  jobs.  Oh  the  other  hand, 
if  a  scheduling  algorithm  is  not  optimal,  one  would  wish  to  measure  the  effecti¬ 
veness  of  the  algorithm  is  terms  of  the  fraction  of  schedulable  sets  of  jobs  it 
is  capable  of  scheduling. 

1.  Optimal  scheduling.  Garey  and  Johnson  TG4,  C51  obtained  an  optimal 
scheduling  algorithm  for  the  following  case  : 

(i)  The  computer  system  lias  two  identical  processors'. 

(ii)  Kadi  job  lias  unit  execution  time. 

(iii)  Kadi  job  has  a  prespecifivd  ready  time  and  deadline. 

(iv)  There  is  an  arbitrary  precedence  constraint  over  the  jobs. 

Garoy  and  Johnson's  algorithm  yields  a  schedule  that  enables  the  completion  of  each 
job  before  each  deadline  H  such  a  schedule  exists. 

2.  Real-time  scheduling.  In  many  cases  when  a  computer  is  used  for 
control  or  monitoring  functions,  the  following  model  is  encountered, 

(i)  There  is  a  single  processor  in  the  computer  system. 

(ii)  Kach  job  has  a  ready  time  and  a  deadline. 

(iii)  The  execution  of  a  job  can  be  preempted  by  a  another  job. 

In  (’Ll,  L6,  S3],  an  algorithm  know  as  earliest  deadline  first  algo- 
rithni  has  been  shown  to  be  optimal.  The  earliest  deadline  first  algorithm  always 
execute  a  job  that  has  the  earliest  deadline  among  all  the  ready  jobs.  Thus,  a 
newly  arrived  job  will  preempt  a  job  that  is  currently  being  executed  if  the  new 
arrival  has  an  earlier  deadline.  The  earliest  deadline  first  algorithm  is  optimal 
in  the  sense  that  if  a  set  of  jobs  can  be  scheduled  by  any  algorithm,  it  can  also 
bo  scheduled  by  the  earliest  deadline  first  algorithm. 


Some  variations  of  the  pr  Mem  are  : 


(i)  the  execution  of  a  job  cannot  be  preempted. 


( i i )  There  are  two  or  more  processors  in  the  computer  system. 

(iii)  There  is  a  precedence  constraint  over  the  jobs. 

(tv)  The  execution  of  a  job  roguiros  other  kinds  of  resources* 


3.  Jobs  with  Periodic  Requests 


A  special  case  of  real  time  •cheduling  was  studied  in  [l/>].  In  this 
case,  a  job  consists  of  a  periodic  stream  of  requests.  That  is,  a  job  J,  demands 
periodically  C.  units  of  computation  time  in  uvury  T^  units  of  time  (T.  is  refer¬ 
red  to  as  the  reque  t  period),  and  the  deadline  of  a  request  is  assumed  to  be  the 
ready  time  of  the  next  request  of  the  same  job.  Although  the  earliest  deadline 
first  scheduling  algorithm  can  be  applied  to  this  case,  another  scheduling  algo¬ 
rithm  known  as  the  rate  monotonic  algorithm  has  been  studied.  In  Che  rate  monoto¬ 
nic  algorithm,  requests  of  a  job  with  the  shortest  request  period  always  have 
priority  over  the  requests  of  a  job  with  a  longer  request  period.  Not  only  such 
an  algorithm  is  easy  to  implement,  its  simplicity  also  enables  us  to  carry  out  a 
more  thorough  analysis  of  its  performance.  Nc  have 

u  C  j  .  i 

Theorem  i  :  Any  sot  of  n  jobs  with  Y  -r*  n  (2  n  -  I)  can  be  sche- 

i  =  I  i 

duled  by  the  rate  monotonic  algorithm  to  meet  all  deadlines.  Furthermore,  there 

is  a  sec  ofc  n  jobs  with  }.‘  >  n  (2  n  -  i)  that  cannot  be  scheduled  by  the 

i«l  i 

rate  monotonic  algorithm. 

Theorem'  1  is  again  another  example  illustrating  the  possibility  of 
lower  bounding  the  performance  of  a  system.  Note  that  L\/T^  is  the  percentage  of 
time  the  jobs  will  utilize  die  processor.  Consequently,  Theorem  I  says  that  if 
a  set  of  jobs  doesnoc  try  to  utilize  the  processor  beyond  a  certain  percentage, 
the  rate  monotonic  algorithm  can  guarantee  that  all  deadlines  will  be  met  .  (Spe¬ 
cifically,  for  n=2,  n  (2*^“  -  1)  =  0.828,  for  n  -*•<",  n  (2*/n  -!)-*■  0.63).  Note 
that  there  are  sets  of  jobs  with  a  t  tal  utilization  above  the  bound  which  can 
still  be  scheduled  by  the  rate  monot  nic  algorithm.  However,  our  bound  provides 


a;. guarantee  under  the  worse  possible  situation. 

Another  resuot  of  the  same  flavor  is  an  estimation  on  the  slack. time 
of  a  request  which  is  defined  to  be  the  time  span  between  the  completion  of  the 
execution  of  a  request  and  its  deadline.  In  many  practical  situation,  not  only 
do  we  wish  to  meet  all  the  deadlines,  we  also  would  like  to  have  a  large  slack 
time  if  possible.  We  can  show  that  [L5]  : 

Theorem  2  :  If  the  first  requests  of  all  jobs  occur  at  C  *  0,  then  the 
slack  time  of  any  request  is  larger  than  or  equal  to  the  slack  time  of  the  first 
request  of  the  same  job. 

n  C. 

Theorem  1  :  for  a  set  of  n  jobs  with  F  ~  <  n  (2  n  -  I),  the  slack 

i a  I  i 

time  of  any  request  is  larger  than  a  equal  to  0.207  g  where  g  is  the  last  quantum 
of  processor  time  al  located  to  the  first  request  of  the  same  job. 

n  C .  .  . 

Theorem  ft  :  For  a  set  of  n  jobs  wich  F.  — 1  <  n  (2  n  -  1)  and  with 

i«l  T. 

i 

In  *  “  *n-l’  1,10  slnrk  t into  of  any  request  of  is  larger  than  or  equal  to 

0.207  g  where  g  is  the  last  quantum  of  processor  time  allocated  to  that  request. 

Again,  note  Che  possibility  of  lower  bounding  do  performance  of  a 
system  under  some  very  general  conditions. 

IV  -  BIN  PACKING  ALGORITHM 

The  bin  packing  problem  can  be  described  as  placing  a  list  of  "pieces" 
of  size  larger  than  0  and  less  than  or  equal  to  1  into  "bins"  of  size  !  so  as  to 
minimize  the  total  number  of  bins  utilized.  There  are  some  immediate  interpreta¬ 
tions  of  the  bin  packing  problem  : 

(i)  Table  formatting  :  To  place  items  of  data  (pieces)  in  computer 
words  of  fixed  size  (bins). 

(ii)  Propaging  :  To  place  program  segments  (pieces)  into  pages  (bins). 


(iii)  File  allocation  :  !•>  nlacc  files  (nieces)  on  disk  tracks  (bins). 


number  o£  bins .  On  the  other  hand,  the  performance  of!  a  suboptimal  algorithm  can 

be  measured  by  the  quantity  lim  f(k),  where  for  a  fixed  k  F(k)  is  the  maximum 

It-** 

number  of  bins  used  by  the  algorithm  over  all  possible  lists  of  pieces  Chat  can 
be  packed  into  k  bins  by  an  optimal  algorithm  divided  by  k. 

I .  On-line  Algorithms 

A  bin  packing  algorithm  is  said  to  be  an  on-line  algorithm  if  the  pie¬ 
ces  are  available  one  at  a  time  and  a  piece  must  be  assigned  to  a  bin  before  the 

next  one  bucomes  available.  We  mention  first  three  well-known  algorithms  : 

Next  fit  (NT)  algorithm  :  A  piece  will  he  place  into  the  "current  bin" 
if  it  can  be  fit  into  that  bin.  If  not,  a  new  bin  will  be  used  and  will  be  desi¬ 
gnated  the  current  bin. 

First-fit  (1T>  algorithm  :  the  bins  will  be  indexed  Bj ,  Bj,...  A  piece 

will  be  placed  into  a  bin  Bj  that  can  accomodate  it  with  the  smallest  index  j. 

Best-fit  (UF)  algorithm  :  The  bins  will  be  indexed  Bj ,  Bj...  A  piece 
will  be  placed  into  a  bin  that  has  been  filled  to  a  highest  possible  level  and 
can  still  accomadate  the  piece.  If  there  arc  more  than  one  such  bin,  choose  the 
one  with  the  smallest  index  j. 

We  have  fJ3l  : 

Theorem  I  : 


lim  NF  (k)  =  2 
k  « 


lim  FF(k) 

k  » 

lim  BF(k) 

k  *►  ■° 


i2 

'10 

2 
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A  now  on-lin^  algorithm  was  proposed  by  Yao  [Y2]  which  is  known  as  the 
refined  first  fit  (RFF)  algorithm.  The  refined  first  fit  algorithm  can  be  descri¬ 
bed  as  follows  : 


(1)  A  piece  will  be  called  an  A-piece, 8j-piec.e,8,j-piece,  dr  X-piece 
if  the  size  of  the  piece  is  in  the  interval  (1/2,  1.1,  (2/5,  1/2.1,  (1/3,  2/5],  or 
.(6,  1/33,  respectively. 

(2)  The  sot  of  all  bins  are  divided  into  four  inf initc -classes ,  to 
bo  referred  to  as  class  1,  2,  3,  A,  respectively, 

(3)  hot  m  bo  a  fixed  integer  whose  value  can  be  chosen  as  6,  7,  8, 

or  9. 


•  ch  » 

(A)  Suppose  the  first  j-l  pieces  have  been  assigned.  The  j  piece 
wi t l  beassigned  according  to  the  first-fit  algorithm  into  a  bin  of  a  certain 
class.  In  particular, 

(i)  If  it  is  an  A-piece,  it  will  be  assigned  to  a  class  I  bin. 

(ii)  If  it  is  a  11,-pic-ce,  it  will  be  assigned  to  a  class  2  bin. 

(iii)  If  it  is  a  n„-piocu,  but  not  the  (mi ) -ch  b.-piece  seen  so  far 

«•  L  1  * 

for  some  integer  i  I,  it  will  be  assigned  to  a  class  3  bin.  If  it  is  the  (mi)-th 

1!., -piece  for  some  integer  i  a  1,  it  will  be  assigned  to  a  class  1  bin  containing 
*» 

an  A-piece  if  possible,  or  to  a  new  class  1  bin  otherwise. 


It  can  bo  shown  that  C Y2 1  : 


Theorem  2  :  lim  RFF(k)  =  v 

«  J 


Yao  I  Y2  !  has  also  obtained  a  lower  bound  on  the  performance  of  any 
on-line  bin  packing  algorithm  : 


Theorem  1  :  For  any  on-line  packing  algorithm  S,  lim  S(k)  S  — 

k  -*•  “  - 


2.  Off-line  Algorithms 


A  bin  packing  algorithm  is  said  to  be  an  off-line  algorithm  if  ail 
the  pieces  for  packing  are  available  before  commencing. 

First-fit  decreasing  (FFl)i  algorithm  :  the  pieces  are  arranged  is  non- 
i acres ing  order  according  to  size  ar.  1  then  apply  the  first-fit  algorithm. 


Best-fit  decreasing  (BFD)  algorithm  :  The  pieces  are  arranged  in  hon- 
incrcssing  order  according  to  size  and  then  apply  the  host-fit  algorithm. 

Theorem  4  [j'j]  : 

lim  FFD(k)  * 

k  «  1 

lim  BFD(k) 

k  •>  »  > 

3.  Variation  of  Parameters 

For  a  give  system  with  a  certain  oerformance  index,  one  often  would  want 
to  know  how  the  performance  index  varies  as  one  or  more  of  the  parameters  of  the 
system  varv.  Such  information  will  be  useful,  Cor  example,  in  determining  the 
cost-of fuctivuness  of  timing  a  system  by  varying  some  of  Che  parameters.  A  study 
by  I'rioscn  [f'l]  on  bin  packing  algorithms  provides  an  interesting  example.  For  a 
given  bin  packing  algorithm,  one  might  ask  hew  the  a  Igor  i  thm  behaves  if  instead 
of  narking  the  pieces  into  bins  of  size  1  (the  standard  size)  we  shall  pack 
the  pieces  into  bins  of  -size  u,  u  >  i.  This  is  exactly  the  case  of  determining 
the  performance  of  a  paging  algorithm  when  the  size  of  a  page  is  increased. 

For  example,  an  interesting  question  is  how  big  the  size  of  a  page  should  become 
so  that  a  suboptimal  paging  algorithm  will  not  used  more  pages  than  an  optimal 
naging  algorithm  when  the  latter  uses  napes  of  standard  size.  For  a  fixed  k, 

let  FFI)  (k)  denote  the  maximum  number  of  bins  of  size  a  used  bv  the  first  fit 

n 

decreasing  algorithm  over  all  possible  lists  of  pieces  that  can  be  packed  by  an 
optimal  algorithm  using  k  bins  of  standard  size  (l)  divided  by  k.  He  have  rFP  : 


Theorem  5 


n 

lint 

k  ->  » 

l'l,  45/44) 

11/ 

f.45/44,  30/29) 

29/ 

[30/29,  25/24) 

6/ 

1 25/24 ,  20/19) 

19/ 

(20/19,  8/7) 

7/ 

1*8/7 ,  15/13) 

13/ 

r 15/13,  36/3 1 ) 

!  31/ 

1 36/3  1  ,  48/4  1 ) 

41/ 

( 48/4  1 ,  72/61) 

61/ 
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